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We have previously described an acid phosphatase enzyme, PHO-1, present at the lumenal surface of all but the anterior six cells of the
Caenorhabditis elegans intestine. In the present paper, we identify the pho-1 structural gene, which encodes a histidine acid phosphatase
showing highest similarity to human prostatic acid phosphatase. The pho-1 5V-flanking DNA is capable of directing reporter gene expression
that is both gut specific, correctly timed and correctly bpatternedQ, that is, not expressed in the gut anterior. Furthermore, this anterior–
posterior patterning of pho-1 expression responds to the C. elegans Wnt pathway as if pho-1 is repressed (directly or indirectly) by high
levels of the HMG effector protein POP-1. Transgenic analysis of the pho-1 promoter shows that gut expression is critically dependent on a
single WGATAR site. The gut-specific GATA factor ELT-2 binds to this site in vitro and removal of ELT-2 from the embryo destroys
expression of the pho-1 reporter. Thus, all our results indicate that pho-1 is a direct downstream target of ELT-2. Finally, the pho-1 loss-of-
function mutation shows an interesting and unexpected phenotype for a somatically-expressed hydrolytic enzyme: loss of pho-1 causes arrest
of the majority of embryos but this lethality is a maternal effect. We suggest that pho-1 is required by the maternal intestine to assimilate
some nutrient or cleavage product that is subsequently provided to the next generation of embryos.
D 2004 Elsevier Inc. All rights reserved.
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The intestine of the nematode Caenorhabditis elegans
provides a convenient experimental system in which to
study how a transcription factor network controls the
development of a simple organ. As illustrated in Fig. 1,
the entire gut of the worm is clonally derived from a single
blastomere, the E cell, of the eight cell embryo (Sulston et
al., 1983). Over the past several years, the specification of
the E blastomere has been studied intensely and the current
model can be summarized as follows (for review, see
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Institutes of Health, Bethesda, MD 20892-0510, USA.transcription factor SKN-1 determines the fate of the EMS
cell, the precursor of E (Bowerman et al., 1992, 1993).
Within the EMS cell, SKN-1 activates genes encoding an
almost identical pair of small GATA-like transcription
factors called MED-1 and MED-2 (Maduro et al., 2001).
MED-1, MED-2 and SKN-1 combine with a Wnt-MAPK
pathway signal passed from the P2 cell, the sister of EMS, to
activate genes encoding a second pair of small GATA-like
transcription factors called END-1 and END-3 (Calvo et al.,
2001; Goldstein, 1992, 1993, 1995; Lin et al., 1995, 1998;
Maduro et al., 2001; Meneghini et al., 1999; Rocheleau et
al., 1997; Thorpe et al., 1997). The activation of the end-1
and end-3 genes is proposed to be the critical event in gut
specification (Calvo et al., 2001; Maduro et al., 2001; Zhu et
al., 1997, 1998).
Expression of end-1 and end-3 is transitory, disappear-
ing by the ~8E cell stage (Maduro and Rothman, 2002;279 (2005) 446–461
Fig. 1. The Intestine lineage of C. elegans. The E blastomere, the clonal progenitor of the entire intestine, is shown in red. A schematic view of the mature 20-
cell intestine is shown as a left lateral view (anterior is to the left). All divisions within the gut lineage are anterior–posterior, except for the divisions of Ea and
Ep, which are transverse. bLeft-sideQ lineages are shown as solid lines; bright-sideQ lineages are shown as broken lines. Gut cells that stain for PHO-1 acid
phosphatase activity (depicted as a red gut lumen) belong to the rings int3 to int9. The parts of the intestinal lineage that give rise to pho-1-expressing cells are
shown in red. The parts of the intestinal lineage that give rise to pho-1 non-expressing cells (i.e., cells of the int1 and int2 rings) are shown in black; (as
described in the text, these six cells express the ges-1DB transgene). The time of initial expression of several gut specific genes (elt-2, ges-1, ifb-2 and pho-1)
are shown on the right.
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work that controls the form and function of the gut for the
remaining 99% of the worm’s life span also appears to
involve GATA-type transcription factors. There are three
such genes expressed in the specified gut lineage: elt-2
(Fukushige et al., 1998; Hawkins and McGhee, 1995), elt-
4 (Fukushige et al., 2003) and elt-7 (C18G1.2; K.
Strohmaier and J. Rothman, unpublished results cited in
Maduro and Rothman (2002)). Of this set of three GATA
factors, ELT-2 appears to predominate. The elt-2 gene is
probably initially activated by END-1 and/or END-3 (Zhu
et al., 1998) but is also capable of auto-regulation
(Fukushige et al., 1998, 1999); ELT-2 first appears when
the gut has only two cells (Fig. 1) and remains present
(only in the gut) through to adulthood (Fukushige et al.,
1998). Both in the embryo and in the adult, levels of elt-2
transcripts are at least 10- to 30-fold higher than transcript
levels of either elt-4 or elt-7 (JDM, unpublished). More
importantly, gene knockouts of elt-2 are lethal (Fukushige
et al., 1998), whereas knockouts of elt-4 (Fukushige et al.,
2003) and elt-7 (Strohmaier and Rothman, personal
communication; also, see below) have no obvious pheno-
type. All C. elegans gut-specific genes whose promoters
have been experimentally analyzed depend strongly, if not
entirely, on a critical WGATAR sequence element (Brittonet al., 1997; Egan et al., 1995; MacMorris et al., 1994;
Moilanen et al., 1999) and our working model is that ELT-
2 participates directly in the transcription of all genes
involved in gut differentiation, structure and function.
However, the gut transcription factor network must be
partially redundant, at least in the early embryo, because
early gut markers such as ges-1 and ifb-2 (see Fig. 1) are
still expressed in the elt-2 knockout (Fukushige et al.,
1998). In the present paper, we show that this network
redundancy does not apply to the later expressing pho-1
gene: in late embryos/early larvae, the elt-2 gene appears
completely necessary for pho-1 expression.
Development of the intestine must involve a wide variety
of genes to produce complex gut structures, such as the
brush border (Bossinger et al., 2004), and to orchestrate
complex gut functions, such as digestion, storage, energy
metabolism and defecation (Dal Santo et al., 1999).
Individual gut-specific genes must be activated at different
developmental stages, in different sexes (Kimble and
Sharrock, 1983; Yi and Zarkower, 1999) and at different
positions along the gut axis (discussed below). Thus, the
activity of a pan-intestinal factor such as ELT-2 must
somehow be modulated by other transcription factors in
order to produce this spatial patterning and differential
timing of gut-specific gene expression. One of the aims of
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which these modulating factors can be identified.
Probably, the simplest class of gut-specific gene expres-
sion is represented by the gut-specific ges-1 carboxylester-
ase: ges-1 gene expression is completely dependent on
WGATAR sites in its promoter, appears to be directly
controlled by ELT-2, initiates soon after ELT-2 can be
detected and remains present in all cells of the gut during the
remainder of the worm’s life span (Aamodt et al., 1991;
Edgar and McGhee, 1986; Egan et al., 1995; Fukushige et
al., 1998; Kennedy et al., 1993; Marshall and McGhee,
2001; McGhee et al., 1990; Stroeher et al., 1994). In the
present paper, we identify the gene encoding a second gut-
specific digestive enzyme, the PHO-1 acid phosphatase
(Beh et al., 1991) and investigate the more complex manner
by which the pho-1 gene is controlled. Two important
features of the post-specification gut regulatory hierarchy
should be revealed by comparing pho-1 and ges-1
regulation. First, whereas the endogenous ges-1 gene is
expressed in all 20 cells of the intestine (intestinal bringsQ
int1 through int9, as shown in Fig. 1), pho-1 is not
expressed in the anterior six cells (i.e., those cells belonging
to rings int1 and int2). Thus, the expression pattern of pho-1
appears complementary to the expression pattern of a
transgenic marker, ges-1DB, which is expressed only in
int1 and int2 (Egan et al., 1995; Schroeder and McGhee,
1998). This leads to the question whether pho-1 expression
is modulated by the same zygotically-acting Wnt pathway
that patterns expression of ges-1DB (Schroeder and
McGhee, 1998). Secondly, pho-1 is first expressed during
late embryogenesis, at least several hours later than initial
expression of ges-1 (Fig. 1) [Beh, 1991 #42], leading to the
question how the embryo initiates expression of different
gut-specific genes at different times of development. Finally,
one of the reasons for characterizing another gut differ-
entiation marker is that broader questions can now be asked
about intestinal development. For example, are all gut genes
or all digestive enzymes controlled by a single regulatory
hierarchy? And, if so, how did such a unified control
mechanism appear during evolution?Materials and methods
Worm culture and worm strains
C. elegans were maintained and manipulated by standard
procedures (Brenner, 1974; Wood, 1988). Strain Bristol N2
was used as wild-type. Worm strains JJ1057(pop-1(zu189)
dpy-5(e61)/hT1 I; him-5(e1490)/hT1 him-5(e1490) V) and
SP127 (unc-4(e120)/mnC1 [dpy-10(e128) unc-52(e444)]
II) were obtained from the Caenorhabditis Genetics Stock
Center.
To produce a loss-of-function (lf) mutation in the pho-1
gene, we followed the same strategy previously used to
isolate a null mutation in the ges-1 gene (McGhee et al.,1990). Briefly, the bcharge-changeQ allele pho-1(ca101),
which causes a shifted position on isoelectric focusing gels
(Beh et al., 1991), was balanced over the chromosomal
rearrangement mnC1, which suppresses recombination near
the centre of chromosome II and is essentially homozygous
sterile (Herman, 1978). An unspecified lethal mutation was
introduced (by standard ethylmethanesulfonate (EMS)
mutagenesis (Brenner, 1974; Wood, 1988)) into the normal
chromosome II to generate an obligate heterozygous strain,
extracts of which produced two bands of PHO-1 activity on
isoelectric focusing gels corresponding to ca101 and wild-
type alleles. This intermediate strain was mutagenized with
EMS under standard conditions and an F1 population
identified that no longer showed the pho-1(ca101) charge-
shifted isoelectric focusing band, that is, the phenotype
expected if an inactivating second mutation had been
introduced in cis into pho-1(ca101). This loss-of-function
(lf) allele (pho-1(ca101ca102)) was recovered (and
removed from the unspecified lethal mutation) by out-
crossing four times to wild-type, assaying for loss of PHO-
1 activity by isoelectric focusing gels; (final strain
designated JM126). As will be described in Results, the
molecular changes associated with both alleles ca101 and
ca102 were identified by PCR-amplifying JM126 genomic
DNA and sequencing. To differentiate maternal and zygotic
components of the pho-1 phenotype, the balanced strain
JM130 (pho-1(ca101ca102) unc-4(e120)/mnC1 [dpy-
10(e128) unc-52(e444)] II) was produced by standard
methods.
Histochemical staining for acid phosphatase activity
There are several obstacles to the precise histochemical
detection of PHO-1 activity, for example, impermeability of
the nematode cuticle and inherent limitations of the
coupling chemistry (see below). In general, we used the
staining protocol described by Beh et al. (1991) with a-
naphthyl phosphate as the substrate and freshly diazotized
pararosaniline as the coupling dye. Reactions were often run
at both pH 4.5–5 (better sensitivity and specificity but poor
localization) and pH 6–6.5 (better localization but possible
cross-reactivity with other phosphatases). Cryostat sections
of mixed staged worms were prepared essentially as
described by Edgar and McGhee (1986).
Worm transformation
Transformation rescue of the pho-1(ca101ca102) lf allele
proceeded by injection of various DNA fragments (e.g.,
genomic cosmids T16D1 and B0349 or two sub-cloned
fragments of B0349 as depicted in Fig. 2) at a concentration
of 100 Ag/ml, together with the morphological trans-
formation marker pRF4 (rol-6(su1006)) at a concentration
of 50 Ag/ml (Mello and Fire, 1996; Mello et al., 1991).
Production of other transformed strains, for example, to
analyze the pho-1 promoter, was by standard methods
Fig. 2. Identification of the pho-1 gene by transformation rescue. (A) Predicted coding regions of a tandem pair of histidine acid phosphatases (T16D1.2 and
EGAP2.3) ~2 map units left of centre of chromosome II. Direction of transcription of the two phosphatase genes is from left to right; diagram of the
chromosome has been reoriented such that the left end of chromosome II is toward the right of the figure. Two rescuing fragments are indicated: a ~10-kb XhoI
fragment and a ~5-kb EcoRV–XhoI fragment, both of which contain EGAP2.3 and both of which can restore intestinal acid phosphatase activity. (The gene
EGAP2.1 shows similarity to a mammalian testis protein). Scale is centered at 0 at the initiating ATG codon of the EGAP2.3 pho-1 gene. (B) Cryostat sections
of adult hermaphrodites, histochemically stained for acid phosphatase activity. left panel = wild-type; middle panel = pho-1(ca101ca102) loss-of-function
mutant; right panel = pho-1(ca101ca102) brescuedQ by DNA containing EGAP2.3. The red stain corresponds to acid phosphatase activity along the edge of the
intestinal lumen; arrow head points to the posterior bulb of the pharynx; brackets indicate the anterior six cells of the adult intestine, which show little to no
PHO-1 activity, either in the wild-type control or in the rescued pho-1 loss-of-function mutant.
T. Fukushige et al. / Developmental Biology 279 (2005) 446–461 449(Mello and Fire, 1996; Mello et al., 1991), using as a
transformation marker either rol-6 (50 Ag/ml plasmid pRF4)
or rescue of unc-119 (ed4 ) (25–50 Ag/ml plasmid
pDP#MM016B (Maduro and Pilgrim, 1995)), mixed with
reporter constructs at concentrations of 100–150 Ag/ml.
RNA-mediated interference
Double-stranded RNAs corresponding to cDNA frag-
ments of pho-1, lit-1, pop-1 and elt-2 were produced
essentially as previously described (Fukushige et al., 2003);
lit-1 and pop-1 dsRNAwas injected at a concentration of ~0.5
mg/ml, elt-2 dsRNA injected at ~1 mg/ml and pho-1 dsRNA
injected at up to ~3 mg/ml. Double-stranded RNAs corre-
sponding to pho-1, elt-2, elt-7 (C18G1.2) and acn-1
(C42D8.5) were also produced from the appropriate genomic
clones available from the RNAi feeding library described by
Ashrafi et al. (2003) and by Kamath and Ahringer (2003).
Inserts from each clone were PCR-amplified from bacterial
colonies, verified for size and restriction enzyme digestion
pattern and transcribed with added T7 polymerase in both
directions simultaneously. The RNA product was purified by
organic extractions, ethanol precipitated and dissolved at ~1
mg/ml (in diethylpyrocarbonate treated 10 mM sodium
phosphate, 1 mM EDTA, pH ~7.5) prior to injection. Young
gravid hermaphrodites were injected once in a gonad arm and
once in the gut/body cavity and then allowed to recover at
168C for 16–24 h before transferring to individual plates at
208C for observation of progeny.Miscellaneous
Unless otherwise noted, all recombinant DNA manipu-
lations were by standard procedures (Sambrook and Russell,
2001). Deletions and modifications of the pho-1 promoter
were produced either by PCR (White, 1993) or by using
convenient restriction enzyme cleavage sites. Promoter
fragments (all of which included the coding region for the
first six amino acids of PHO-1) were fused to a GFP/lacZ
reporter gene in the vector pPD96.04 (kindly provided by A.
Fire, Carnegie Institute of Washington). Phosphatidylinosi-
tol-specific phospholipase C was obtained from Sigma
(Catalog Number P8804) and used at a concentration of 1
unit/ml in PBS at 378C for 90 min (Minchiotti et al., 2000).
Growth curves (at 208C) were performed as previously
described (Fukushige et al., 2003; McGhee et al., 1990).
Electrophoretic mobility shift assays were performed essen-
tially as previously described (Kalb et al., 1998; Mains and
McGhee, 1999), using ELT-2 protein purified from baculo-
virus infected Sf29 cells (B.G. and J.D.M., in preparation). To
assay h-galactosidase activity in hatched worms, larvae were
collected from the growth plate using a capillary and then
permeabilized, fixed and stained by a slight modification of
the procedure described by Su et al. (2000). In the elt-2 RNAi
experiments, to ensure that even the faintest h-galactosidase
activity was detected, the reaction was incubated for 22–24 h
at room temperature before collecting worms by centrifuga-
tion, washing twice in M9 buffer and mounting on an agarose
pad for microscopic examination.
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Identification of the pho-1 gene
PHO-1 protein was previously purified from extracts of
wild-type C. elegans and shown to be a high molecular
weight acid phosphatase (Beh et al., 1991). A bcharge shiftQ
mutation (ca101), detected by isoelectric focusing gels, was
induced into pho-1 and used to map the gene near the centre
of chromosome II (Beh et al., 1991). Predicted genes in this
region of the C. elegans genomic sequence include a
tandem pair of bhistidine acid phosphatasesQ, T16D1.2 and
EGAP2.3 (Fig. 2A). To determine if either of these genes is
indeed pho-1, candidate DNA fragments were injected into
the strain containing the strong loss-of-function mutation
pho-1(ca101ca102) (described below), stably transformed
lines were established and acid phosphatase activity
detected either using cryostat sections or isoelectric focusing
gels (Beh et al., 1991). As shown in Fig. 2B (left panel),
stained cryostat sections prepared from wild-type C. elegans
show acid phosphatase activity localized to the edge of the
gut lumen and weak or absent from the gut anterior (Beh et
al., 1991). Similarly stained cryostat sections prepared from
pho-1 lf worms (strain JM126) show little, if any, acid
phosphatase activity along the gut lumen (Fig. 1B, middle
panel). Cryostat sections from JM126 worms transformed
with a brescuing fragmentQ clearly show reconstitution of
the gut staining (Fig. 2B, right panel). Overall, the trans-
formation rescue experiments demonstrate that the predicted
coding sequence EGAP2.3 corresponds to the pho-1 gene.
This gene identification was confirmed by detecting the two
mutations within the pho-1 coding sequence corresponding
to ca101 and ca102. The original charge-change mutation
(ca101) induced in the pho-1 gene (Beh et al., 1991)
corresponds to a G to A nucleotide exchange that causes an
aspartate to asparagine alteration at amino acid residue 181.
ca102, the mutation introduced in cis into ca101 to produce
the pho-1 loss-of-function mutation (see Materials and
methods) also corresponds to a G to A exchange, replacing
methionine at amino acid residue 70 with isoleucine.
Molecular properties of the PHO-1 protein
As noted above, the EGAP2.3 sequence predicts that
PHO-1 is a bhistidine acid phosphataseQ (Bull et al., 2002;
Van Etten, 1982; Vincent et al., 1992). The predicted
molecular weight of the monomeric (unglycosylated and
unprocessed) polypeptide is 50.3 kDa, in acceptable agree-
ment with our previous estimate of ~ 55 kDa for the
glycosylated monomer (Beh et al., 1991). Fig. 3A shows
sequence alignments between PHO-1 and the most closely
related acid phosphatases identified in other metazoons:
human prostatic acid phosphatase (36% identical, 45%
similar), Drosophila melanogaster ACPH1 acid phospha-
tase 1 (31% identical, 41% similar) and human lysosomal
acid phosphatase (32% identical, 41% similar). The align-ments also include the sequence of the pho-4 gene
(T16D1.2; 45% identical, 56% similar), which lies imme-
diately upstream of pho-1 and presumably arose by gene
duplication (Fig. 2A). The pho-1 ortholog (with the pho-4
ortholog immediately upstream) is readily identified in the
genomic sequence of the related nematode Caenorhabditis
briggsae (CBG02356; 81% amino acid identity to PHO-1;
CBG02357; 82% amino acid identity to PHO-4). Within the
multiple alignments, the two regions of highest sequence
conservation (underlined in Fig. 3A) are known to be
involved in enzyme catalysis: (1) the sequence RHGDR at
residues 34–38 in the pho-1 sequence, and; (2) the sequence
YSAHDTT at residues 317–323 (Ostanin et al., 1992, 1994;
Porvari et al., 1994; Schneider et al., 1993).
As noted previously ((Beh et al., 1991); see also Fig. 2B),
the histochemical activity of PHO-1 appears concentrated at
the gut lumenal surface. Standard protein sequence analysis
programs (e.g., PSORT (Nakai, 2000)) do not identify
strong intracellular localization signals within the PHO-1
sequence. However, one particular program (Eisenhaber et
al., 2000) designed to determine whether C. elegans
proteins are GPI-anchored returns a score for amino acid
424 that approaches significance; (P values range from 0.02
to 0.04, compared to a cutoff value set at 0.01; for
comparison, the same program applied to the ER-resident
gut esterase GES-1 returns a P value of N0.2). As shown in
Fig. 3B, treatment with the enzyme phosphatidylinositol
specific phospholipase C (Chin-Sang et al., 1999; Low and
Finean, 1978; Minchiotti et al., 2000; Udenfriend and
Kodukula, 1995) almost completely abolishes PHO-1
histochemical activity from cryostat sections, compared to
adjacent control sections incubated with boiled enzyme.
Thus, we suggest that, despite the absence of a strong
signature motif in the primary sequence, PHO-1 is attached
to the apical surface of the intestine via a GPI anchor.
pho-1 function is essential for normal growth and shows an
unexpected maternal effect
Worms homozygous for the pho-1(ca101ca102) lf
mutation (produced as described in Materials and methods)
remain unhealthy after four out-crossings to wild-type. In a
continuously growing population, N50% of the embryos do
not hatch and many of the embryos that do hatch arrest as
larvae. Fig. 4A shows that the slow-growth of the pho-1 lf
worms can be rescued by transformation with wild-type
pho-1 DNA. Transformation also reduces embryonic lethal-
ity from ~60% (580/996) to b2% (19/1043),only slightly
higher than observed with the N2 and pho-1(ca101)
controls (data not shown). Thus, both of the phenotypes
are associated with mutations in pho-1 rather than in a
linked gene.
An unexpected insight into pho-1 function was revealed
by pho-1(RNAi). For most C. elegans genes (either
maternally or zygotically expressed), the RNAi-induced
phenotypes are most severe in the F1 progeny of the RNA-
Fig. 3. Molecular Characterization of PHO-1. (A) Alignment of the amino acid sequences of (from top to bottom): C. elegans PHO-1; C. elegans PHO-4;
human prostatic acid phosphatase (HsPAP; Genbank Accession Number P15309); Drosophila melanogaster acid phosphatase 1 (DmACPH1; Genbank
Accession Number NP_733332), and; human lysosomal acid phosphatase (HsLAP; Genbank Accession Number P11117). (The designations pho-2 and pho-3
were previously used to describe other C. elegans acid phosphatase activities detected by isoelectric focusing gels (Beh et al., 1991).) Residues identical in all
five sequences are indicated by the black background; conserved similar residues are indicated by the grey background. The two residues indicated by
arrowheads above the pho-1 sequence represent the amino acid changes observed in the two pho-1 mutant alleles: D to N at residue 181 in pho-1(ca101), the
charge-change mutant (Beh et al., 1991), and M to I at residue 70 of the pho-1(ca101ca102) loss-of-function allele. The two highly conserved underlined
regions are implicated in enzymatic catalysis (see text). (B) The PHO-1 protein is GPI-anchored at the surface of the intestine. Cryostat sections of wild-type
mixed-stage C. elegans were stained for acid phosphatase activity (left panels) after incubation (90 min at 378C) with 1 unit/ml of phosphatidylinositol specific
phospholipase C, or (right panels) after parallel incubation (of adjoining sections) with boiled enzyme. Cross-sections of mixed stage worms are 100–200 Am in
diameter. To maximize the detection of acid phosphatase activity, the histochemical staining reaction was conducted at the low pH favored by the PHO-1
enzyme (Beh et al., 1991); however, under these conditions, the dye-coupling and precipitation reaction is slower, leading to poor localization (see Materials
and methods).
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effect for most genes is greatly attenuated (Fire, 1999; Fire
et al., 1998; Montgomery et al., 1998). In contrast, most F1
progeny of pho-1 RNA-injected worms reach adulthood but
the large majority of the F2 embryos (80–100% of initial
broods, depending on the experiment) arrest during embryo-
genesis. This result points to a maternal effect for pho-1,
which would not be expected for a zygotically-expressed
gut-specific digestive enzyme.
The pho-1 maternal effect was verified by genetics. The
balanced strain JM130 (pho-1(ca101ca102) unc-4(e120)/
mnC1 dpy-10(e128) unc-52(e444) II) allows observation of
Unc-4 worms produced either by pho-1 heterozygous
mothers (i.e. mothers that still have PHO-1 activity in their
guts) or, in the next generation, by pho-1 homozygous
mothers. As shown in Fig. 4B, pho-1 unc-4 homozygous
worms segregating from pho-1 unc-4/+ mothers have a
decreased rate of elongation following hatching, as well as a
~ 15% shorter adult length. That is, pho-1(ca101ca102)
produces a measurable but rather modest zygotic effect.
Because ~25% of JM130 progeny are Unc-4, there is no
evidence that lack of zygotic pho-1 activity causes any
embryonic lethality. In contrast, pho-1(ca101ca102) homo-
zygotes show a major maternal effect. Although brood size
is only modestly decreased (186 F SD = 43; n = 19
compared to 203 F SD = 26; n =18 for unc-4 controls at
208C), the majority of embryos produced by the pho-1 unc-
4 hermaphrodites fail to hatch (59%, n =3529, compared to
4%, n =3648 for unc-4 controls). As shown in Fig. 4C,
unhatched embryos arrest at a wide variety of embryonic
stages, from early proliferation phase up to three-fold. The
probability of embryonic arrest varies strongly with
maternal age: early broods show N90% arrest but the latest
broods show only 30–50% arrest. The almost complete pho-
1 lf maternal effect lethality seen in early broods is rescued
poorly, if at all, by crossing to wild-type males (data not
shown). Such lack of zygotic rescue is not unexpected,
either because most pho-1 lf embryos arrest before the
sperm pho-1(+) allele would be activated or because the
early defects are irreversible (Fig. 4C).Fig. 4. Phenotype of pho-1(ca101ca102) Loss-of-function Mutation. (A)
Slow growth of pho-1 is rescued by transformation with EGAP2.3 DNA.
Freshly hatched larvae were incubated at 208C for 3 days, at which time:
(top panel) wild-type larvae had all reached adulthood; (middle panel) pho-
1(ca101ca102) larvae had only reached mid larval stages but (bottom
panel) pho-1(ca101ca102) larvae transformed with EGAP2.3 DNA had
mostly (~94%) reached adulthood. The total number of animals counted
were 2597, 440 and 990 for N2, pho-1(ca101ca102) and rescued pho-
1(ca101ca102), respectively. (B) Growth curves of pho-1 unc-4 worms
segregating from pho-1 unc-4/+ hermaphrodites (!) compared to N2
worms (5) and unc-4 controls (4) at 208C. Worm length is expressed as
nose-to-tail-tip length normalized to the length of adult N2 worms. Error
bars represent standard deviations measured on 6 to 23 (average = 15)
worms per data point. The arrow at the right hand axis corresponds to the
relative length attained by pho-1 unc-4 worms after ~8 days growth. (C)
pho-1 unc-4 embryos show a wide range of arrest phenotypes. Differential
interference contrast images were taken ~24 h after embryos were laid by
homozygous pho-1 unc-4 mothers. Scale bar = 50 Am.
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concordance between the phenotypes caused by pho-
1(ca101ca102) and by pho-1(RNAi): (i) the maternal effect
lethality cannot be ascribed to undetected expression of pho-
1 in the maternal germ line (since RNAi would then cause
arrest of F1 embryos), and; (ii) pho-1(ca101ca102) must be
a strong loss-of-function mutation, if not null; indeed, pho-
1(RNAi) performed into pho-1 homozygous mothers does
not obviously change either the embryonic arrest stage or
the arrest phenotype (data not shown).
Besides the lethality (or near lethality) and the lack of
PHO-1 histochemical staining in the gut, pho-1 mutants
show no obvious phenotype that might indicate the primary
cause of embryonic death or larval arrest or that could not be
ascribed to secondary effects of starvation and poor health:
the intestine appears grossly normal by Nomarski micro-
scopy and by electron microscopy (data not shown),
embryonic markers such as gut granules and GES-1 are
expressed in all embryos as in wild-type and there appears
to be a normal disposition of yolk droplets, detected by
crossing to a strain containing an integrated transgenic
YP170DGFP reporter gene (Grant and Hirsh, 1999).
Anterior–posterior patterning of pho-1 is regulated at the
level of transcription
A 996-bp pho-1 promoter fragment extending from the
3V-UTR of the upstream pho-4 gene to the first six codons of
pho-1 was fused to a GFP/lacZ reporter sequence (plasmid
pJM404), transgenic worms were produced and one
representative transforming array was integrated into the
genome via g-irradiation (Egan et al., 1995; Mello and Fire,
1996); (final outcrossed strain designated as JM127). As
shown in Fig. 5, expression of the transgenic reporterFig. 5. Anterior–posterior patterning of pho-1 activity is controlled at the level of p
lacZ nuclear-localized reporter construct pJM404 and one particular transformin
(JM127) are shown: (a) stained for h-galactosidase activity, and; (b, bV) observed b
bracket indicates the anterior six cells (i.e., int1 and int2) of the intestine, whichconstruct is gut-specific, can first be detected late in
embryogenesis and shows anterior–posterior patterning that
is, to a reasonable approximation, the same as that detected
by the histochemical assay for endogenous PHO-1 activity.
In ~70% of newly hatched larvae, reporter expression is
undetectable in the six cells belonging to int1 and int2 but
strong in more posterior cells of the intestine. In the
remaining ~30% of transgenic larvae, low levels of reporter
expression can be detected in the four int1 cells; reporter
expression is only rarely detected in the two int2 cells or in
any cells outside of the intestine. Expression in the most
posterior pair of intestinal cells (int9) appears to be weaker
and more variable than in anterior neighbors. Given the
technical limitations of the histochemical assay for acid
phosphatase activity (e.g., incomplete permeabilization and
potential diffusion of the reaction product), it is difficult to
rule out a similar low level of endogenous PHO-1 activity in
a fraction of int1 cells or to claim with certainty that
endogenous PHO-1 activity does indeed extend completely
to the gut posterior.
In summary, the gut-specificity, the timing and the
anterior–posterior patterning of pho-1 expression are
reasonably well recapitulated by fusing ~1 kb upstream of
the pho-1 ATG to a GFP/lacZ reporter gene, suggesting that
all these features of pho-1 expression are regulated at the
level of pho-1 transcription.
Anterior–posterior patterning of the pho-1 gene involves
POP-1 and the zygotic Wnt pathway
The transgenic marker ges-1DB is expressed only in the
six anterior gut cells belonging to int1 and int2 (Schroeder
and McGhee, 1998), that is, an expression pattern opposite
to that of pho-1 (see Fig. 1). Because ges-1DB behaves as ifho-1 transcription. Worms were transformed with the full 1-kb pho-1DGFP/
g array integrated into the genome. Representative larvae from this strain
y differential interference contrast and GFP fluorescence, respectively. The
show no pho-1 expression.
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high zygotic levels of POP-1, the HMG downstream
effector of the Wnt pathway (Schroeder and McGhee,
1998), it might be anticipated that pho-1 would show the
opposite behavior, that is, to behave as if it is repressed by
POP-1 in the gut anterior. To test this model, we devised
three experimental treatments to remove maternal pop-1 but
to result in successively higher levels of zygotic pop-1
function within the developing gut lineage.
(i) Treatment I
pop-1(RNAi) abolishes maternal pop-1 mRNA (and
hence protein) and causes the production of a double gut,
one bnormalQ gut derived from the E blastomere and an
ectopic second gut derived from a second E cell produced
by a fate transformation of the MS blastomere, the sister of
E (Lin et al., 1995; Lin et al., 1998). pop-1(RNAi) should
also ablate early zygotic POP-1. This treatment corresponds
to the lowest possible level of pop-1 function in the
embryonic gut.
(ii) Treatment II
Lin et al. (1998) showed that the mutant pop-1(zu189)
lacks only maternally provided pop-1 activity; zygotic POP-
1 is still produced and is available to be down-regulated by
zygotic action of the Wnt pathway (Lin et al., 1998). Thus,
use of pop-1(zu189) should correspond to intermediate
levels of POP-1 in the embryonic gut.Fig. 6. Expression of the pho-1 promoter is repressed by increasing levels of POP
pho-1DGFP/lacZ reporter) were subjected to three experimental treatments (summ
gut lineage. Column 2 records the % of treated embryos that express pho-1DGFP (
records the average number of (strongly) pho-1DGFP positive nuclei in each exp
Images of typical embryos produced by each treatment are shown at the right.(iii) Treatment III
This treatment begins with the low maternal POP-1
levels produced by pop-1(zu189), as in Treatment II, but
now double-stranded RNA corresponding to the lit-1 kinase
gene (lit-1(RNAi)) is injected into the pop-1(zu189) mutant
mother. Ablation of lit-1 prevents the normal zygotic
downregulation of POP-1(Kaletta et al., 1997). Hence,
zygotic POP-1 levels should be the highest of the three
treatments.
Fig. 6 collects the results obtained when these three
treatments are applied to the strain expressing integrated
copies of the pho-1DGFP/lacZ reporter transgene. As the
zygotic POP-1 levels increase from Treatment I through
Treatment III, both the fraction of embryos expressing the
transgenic pho-1DGFP/lacZ reporter and the number of
GFP-positive cells within each expressing embryo decrease.
These same (or similar) treatments produce opposite effects
on anteriorly-expressed markers such as ges-1DB (Schroeder
and McGhee, 1998; D. Schroeder, TF and JDM, unpublished
results). We conclude that pho-1 does indeed respond to the
C. elegans Wnt pathway and behaves as if it is repressed by
high zygotic POP-1 levels.
One aspect of the results of Fig. 6 was not as expected,
namely the average number of pho-1DGFP-expressing cells
within the variously treated embryos. In the absence of both
maternal and zygotic POP-1 activity (i.e., Treatment I), the
expected maximum number of gut cells is 40, deriving from
two full guts, one normal and one ectopic (Lin et al., 1995,-1. As described in the text, C. elegans embryos (transformed with the full
arized in Column 1) to alter the levels of zygotic POP-1 in the developing
with the total number of embryos examined given in parenthesis). Column 3
ressing embryo, as well as (in parenthesis) the maximum number observed.
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positive cells in expressing embryos is only 14.3, less than
half the expected number (although the maximum number
observed is 35, closer to expectation). One possible
explanation for this discrepancy is that embryos deranged
by disruption of the Wnt pathway may often arrest before
reaching the stage late in embryogenesis at which pho-1 is
normally expressed. A second and more interesting explan-
ation is that pho-1 expression might be lineage non-
autonomous (unlike ges-1DB (Schroeder and McGhee,
1998)) and require some signal from outside of the gut.
Embryos deranged by removal of the Wnt pathway would
thus experience a decreased probability of successful signal-
ing and hence a decreased probability of pho-1 expression
The pho-1 gene is controlled by the C. elegans gut-specific
GATA factor ELT-2
Three lines of evidence presented below indicate that
pho-1 is directly regulated by the gut-specific GATA-type
transcription factor ELT-2: (i) expression of transgenic pho-
1 reporter constructs depends critically on a single
WGATAR site in the pho-1 promoter; (ii) ELT-2 binds to
this site in vitro, and; (iii) ablation of ELT-2 ablates pho-1-
driven reporter gene expression.
(i) Importance of a single WGATAR site in the
transcriptional control of pho-1
Constructs containing modified pho-1 promoters (all
including the first six pho-1 codons) fused to a GFP/lacZ
reporter were introduced by injection into C. elegans to
produce multiple stably transformed strains (see Materials
and methods) and expression patterns were observed using
both GFP fluorescence and h-galactosidase staining. The
results are summarized in Fig. 7A: of the three WGATAR
sites within the ~1 kb pho-1 promoter (located at 121, 163
and 186 bp upstream of the pho-1 ATG and labeled as
GATA1, GATA2 and GATA3, respectively, at the top of Fig.
7A), all our results indicate that the crucial site is the most
downstream site, GATA1.
The expression pattern produced by the full 1-kb
promoter construct pJM404 was discussed in a previous
section and the results presented above in Fig. 5. A construct
(pJM408) containing only 214 bp of the pho-1 upstream
sequence (and all three WGATAR sites) is also capable of
driving reasonably strong and patterned expression in the
gut; expression is similar to the pattern seen with the full 1-
kb promoter construct pJM404 but weaker and more
variable. An even shorter construct (pJM410) containing
only 146 bp of pho-1 5V-flanking region (and only the
downstream WGATAR site, GATA1) is still able to
recapitulate prominent features of the pho-1 wild-type
expression pattern: expression remains gut specific and
stronger towards the gut posterior. A construct (pJM411) in
which bp 164 to 189 upstream of the pho-1 ATG (and hence
the GATA2 and GATA3 sites) are deleted from the full pho-1 promoter is still able to produce patterned gut-specific
reporter expression, although expression is weaker and more
variable than seen with the full-length promoter and is
concentrated more in the gut posterior (int6–int9). No
detectable activity is produced by a construct (pJM412) in
which all three WGATAR sites have been removed by
deleting 120 to 189 bp upstream of the pho-1 ATG. A more
direct test of the importance of the downstream WGATAR
site (GATA1) is either to alter its sequence entirely within
the context of the full 1-kb promoter (construct pJM296) or
to introduce a single basepair change from GATA to CATA
within the context of the 214 bp promoter fragment
(construct pJM421). Neither of these mutated constructs
produce reporter activity much above background: only rare
(1–2%) transformed worms show weak expression in the
posterior gut. In contrast, constructs with mutated GATA2
(pJM295) or mutated GATA3 (pJM294) express roughly
like the wildtype construct pJM404.
The above experiments test if particular cis-acting
promoter sequences are necessary for pho-1 expression.
To test if such sequences are also sufficient for patterned
gut expression, promoter fragments encompassing either
the two upstream WGATAR sites (bp 160 to 194 upstream
of the pho-1 ATG) or all three WGATAR sites (bp 115 to
194 upstream of the pho-1 ATG) were inserted (in single or
multiple copies) into the upstream region of our standard
enhancer-tester vector pJM76, which contains the C.
elegans basal hsp-16 promoter fused to a GFP/lacZ
reporter (Marshall and McGhee, 2001). Single copies of
either fragment are unable to induce any observable
reporter expression in transformed worms (data not shown).
Four or eight copies (constructs pJM415 and pJM416,
respectively) of the shorter fragment (containing only
GATA2 and GATA3) activate reporter expression in
muscle, hypodermis but only occasionally in the gut. In
contrast, four or eight copies (constructs pJM417 and
pJM418, respectively) of the longer fragment that contains
all three WGATAR sites produce strong reporter expression
in the gut with only occasional expression detected in the
hypodermis. Expression of pJM417 and pJM418 is weaker
than seen with the full-length promoter but is at least
partially bpatternedQ, that is, more strongly expressed in the
gut posterior than in the gut anterior. In addition, the
reporter activity can now be observed at a significantly
earlier stage in development (comma stage, data not shown)
than can the activity controlled by the full 1-kb promoter or
detected by histochemical staining for endogenous enzyme
activity.
(ii) The critical pho-1 WGATAR site binds to the gut-specific
GATA factor ELT-2
The extended sequence of the GATA1 site is
bACTGATAAQ, identical to the sequence of the downstream
(and the more influential) of the two WGATAR sites driving
gut expression of the ges-1 gene (Egan et al., 1995). We
have shown elsewhere that the ELT-2 GATA factor binds
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in the original elt-2 identification and cloning (Hawkins and
McGhee, 1995). Fig. 7B shows that ELT-2 protein
(produced using baculovirus) binds tightly to the double-
stranded 36 bp oligonucleotide containing the pho-1
GATA1 sequence. Binding is bspecificQ in so far as it is
competed as expected with the wild-type oligonucleotide.
Binding is competed much more weakly by an oligonucleo-
tide in which the GATA sequence has been mutated to
CATA, that is, the same sequence shown in the previous
section to abolish in vivo expression from the pho-1
promoter construct pJM421.
(iii) ELT-2 is necessary for pho-1 expression in the
developing intestine
To demonstrate that ELT-2 is indeed necessary for in
vivo expression of pho-1, elt-2(RNAi) was performed in
the strain containing integrated copies of the 1-kb pho-1
promoter fused to a GFP/lacZ reporter. Although measur-
ing the response of a transgenic reporter construct is less
desirable than observing the behavior of the endogenous
gene, we felt it was likely to be more definitive than
relying on the histochemical stain for PHO-1 activity,
which is susceptible to both false negatives (e.g., imperfect
permeabilization) and false positives (e.g., detection of
other phosphatases during the prolonged incubations
necessary to establish complete lack of pho-1 activity).
An anti-PHO-1 antibody is not yet available and levels of
pho-1 transcripts are low, making detection by quantitative
RT-PCR unreliable, even for wild-type animals (data not
shown).
Injection of elt-2 double-stranded RNA into transgenic
pho-1DGFP/lacZ hermaphrodites produces highly pene-
trant (100% in most replicates) arrest of F1 larvae, all of
which show the distinctive Gob (gut-obstructed) phenotype
seen with the elt-2 knockout (Fukushige et al., 1998, 2003).
In these arrested larvae, h-galactosidase (and GFP) reporter
gene expression is almost completely abolished. In three
replicate experiments, in which a total of 26 transgenic
adults were injected with elt-2 dsRNA and 805 arrested Gob
larvae were harvested and stained, 796 (99%) of the larvae
showed no detectable h-galactosidase activity; representa-Fig. 7. (A) Analysis of the pho-1 5V-flanking DNA implicates a single GATA site i
the pho-1 gene (scale in base pairs upstream of the pho-1 ATG). The three WGAT
GATA3) and in the reverse orientation (GATA2). Various pho-1 upstream DNA fr
to a GFP/lacZ reporter gene at a point six amino acids downstream of the pho-1 AT
the GATA3, GATA2 and GATA1 sites, respectively, mutated (indicated by the X) a
G to C mutation introduced into the GATA1 sequence (indicated by asterisk). The
fragment containing GATA2 and GATA3 (pJM415 and pJM416) or GATA1, GAT
basal heat shock promoter construct pJM76 (see Marshall and McGhee (2001) for
either GFP fluorescence or h-galactosidase staining, concentrating on newly hatch
(strong), ++ (medium), + (weak), +/ (rare and sporadic) and  (undetectable).
GATA factor protein binds specifically to the critical GATA1 site in the pho-1 prom
stranded oligonucleotide probe (encompassing the pho-1 GATA1 sequence as show
in baculovirus. The binding reaction is competed as expected by increasing amoun
oligonucleotide but is competed weakly by unlabeled double-stranded oligonucle
shown at the bottom of the panel.tive examples are shown in Figs. 8A1 and A2. Of the nine
larvae that did show detectable staining, eight showed only
1–2 weakly staining nuclei (see arrow in Fig. 8A1). In a
fourth repeat of the experiment (using an independently
produced batch of elt-2 dsRNA), injections were apparently
less effective and a small number of the F1 larvae developed
past the usual point of arrest. Even in this experiment, 338/
370 (91%) of the F1 larvae showed no detectable h-
galactosidase activity. Moreover, the minority of larvae that
did stain (usually weakly) were clearly larger than their non-
staining siblings (relative length = 1.27 F SD = 0.14). We
interpret these results to mean that even a low level of elt-2
function (due to incomplete RNAi) may be sufficient to
postpone developmental arrest and to permit weak pho-1
expression.
Control transgenic larvae whose mothers were either
uninjected (Fig. 8B), injected with elt-7 (C18C1.2) dsRNA
(Fig. 8C) or injected with acn-1 (C42D8.5) dsRNA, which
causes L1 arrest due to a hypodermal defect (Fig. 8D), show
strong, usually intense, h-galactosidase activity under the
same conditions (97–100% staining; 342/352, 55/55 and
169/169 respectively).
We conclude that the ELT-2 GATA factor is necessary for
in vivo expression of a transgenic pho-1 reporter construct
and, by implication, is necessary for expression of the
endogenous pho-1 gene. This conclusion is supported by
the observation that the pho-1 reporter is expressed at low
levels in a minority of individual larvae, for which there is
good reason to believe that elt-2 function has been lowered
but not completely abolished.Discussion
In vivo function of pho-1
Histidine acid phosphatases form a widespread class of
high molecular weight phosphatases with, as their name
implies, acidic pH optima and histidine residues directly
involved in hydrolytic cleavage of (usually) phospho-
monester substrates (Bull et al., 2002; Van Etten, 1982;
Vincent et al., 1992). In the current annotation of the C.n pho-1 transcriptional control. Diagram of the genomic region surrounding
AR sites in this region are indicated, in the forward orientation (GATA1 and
agments (produced by either unidirectional or internal deletions) were fused
G. The constructs pJM294, pJM295 and pJM296 have the six-base pairs of
ccording to the rules A X C and G X T. The construct pJM421 has a single
two bottom constructs consist of either four or eight copies of a promoter
A2 and GATA3 (pJM417 and pJM418) inserted into the benhancer-testerQ
details). Multiple stably transformed lines were produced and inspected for
ed larvae. Expression intensities for each construct are summarized as: +++
The principal expressing cells are summarized on the right. (B) The ELT-2
oter. Electrophoretic mobility shift experiment in which 32P-labeled double-
n at the bottom of the figure) is incubated with pure ELT-2 protein produced
ts (1, 5 and 25 molar excess) of unlabeled double-stranded wild-type
otide in which a single base pair in the GATA1 site has been mutated, as
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class, including the pho-1 gene (EGAP2.3). The in vivo
functions and in vivo substrates of these enzymes are not
well defined. Drosophila ACPH1 (~31% amino acid
identity to PHO-1) is widely expressed but non-essential
(Chung et al., 1996). Mouse lysosomal acid phosphatase
(~32% amino acid identity to PHO-1) is also non-essential
(Saftig et al., 1997), although the deficient mice show
lysosomal storage disorders. However, the phenotypebecomes much more severe in combination with a knockout
of a second acid phosphatase gene (in a different class),
allowing the conclusion that mammalian lysosomal acid
phosphatase may play a redundant role in bone resorption
(Suter et al., 2001).
Because of the generally non-lethal phenotypes associ-
ated with histidine acid phosphatase deficiencies in other
animals and because of the presence of the numerous related
genes in the C. elegans genome, it is surprising that the loss
Fig. 8. The elt-2 gene is necessary for pho-1 expression. Adult hermaphrodites expressing integrated copies of pho-1DGFP/lacZ were injected with double-
stranded RNA corresponding to elt-2 (Panels A1 and A2), elt-7 (Panel C) and acn-1 (Panel D). Panel B represents uninjected controls. Permeabilized F1 larvae
were stained 22–24 h for h-galactosidase activity. The arrow in panel A1 indicates the typically low level of staining detected in a small minority of the elt-
2(RNAi) arrested larvae. Scale bar = 50 Am in all panels.
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pho-1 is expressed zygotically and can be detected only in
the intestine, it is even more surprising that pho-1 lethality
behaves as a maternal effect. The usual cause of maternal
effect lethality in C. elegans is failure of the maternal germ-
line to provide macromolecules (RNA or protein) to the
embryo, without which development arrests (see, for
example (Kemphues and Strome, 1997; Schnabel and
Priess, 1997; Vatcher et al., 1998). However, pho-1 shows
exclusive gut expression throughout the life cycle. Thus, we
propose that pho-1 function is necessary for the mother to
assimilate some particular nutrient or cleavage product that
can then be loaded into the oocyte; without this essential
nutrient, the majority of the embryos arrest before hatching.
Alternatively, the nutritionally deprived pho-1 mothers
might be incapable of providing some other function to
their oocytes. Because of the broad substrate specificity of
PHO-1 (Beh et al., 1991) and this class of enzymes in
general, the nature of such a limiting essential nutrient or
cleavage product is difficult to predict but is unlikely to be
phosphate: the standard NGM growth medium contains 25
mM phosphate and removing phosphate from the growth
medium does not obviously exacerbate the pho-1 loss of
function phenotype (data not shown). Likewise, there was
little effect (data not shown) of supplementing the growth
medium with the wide variety of nutrients present in yeast
extract or with high concentrations of either nucleosides or
deoxynucleosides (to test for a PHO-1 nucleotidase-like
function). Perhaps, a screen for extragenic suppressors of
pho-1 lethality would provide clues about the biochemical
role of pho-1 in vivo.
Transcriptional control of pho-1 by WGATAR sites and by
the ELT-2 GATA factor
The main features of the pho-1 expression pattern,
namely the gut-specificity, the anterior–posterior patterningand time of initial detection, can all be reasonably well
recapitulated by only 214 bp of pho-1 upstream sequence
(plus the first six pho-1 codons) fused to a GFP/lacZ
reporter. Indeed, the pho-1 expression pattern is generated
only slightly less well with a promoter fragment containing
only 146 bp of 5V-flanking sequence. Nonetheless, the
expression patterns generated by these two short promoter
fragments are more variable than seen with the longer 1 kb
promoter fragment, suggesting that, even though the main
elements of control reside in these short fragments, there are
likely to be sequence elements elsewhere in the promoter
that refine and strengthen the overall expression pattern.
The pho-1 5V-promoter sequence contains threeWGATAR
sites but unidirectional deletions, internal deletions and
mutational ablation all point to the importance of only one
of these sites, GATA1, located 121 bp upstream of the pho-1
ATG. Purified ELT-2 protein binds to this critical site in vitro
but binds much less tightly to the same sequence containing a
single bp mutation that abolishes in vivo expression. The
extended sequence of this critical site in the pho-1 promoter is
ACTGATAA, identical to the sequence of the downstream
and more influential of the two tandem WGATAR sites that
regulate gut-specific expression of the ges-1 gene, both in C.
elegans and in C. briggsae (Egan et al., 1995; Marshall and
McGhee, 2001). In addition, an ACTGATAA site (embedded
in a conserved region of 12/12 bp) is found close to the same
distance (117 bp) upstream of the ATG codon in the C.
briggsae homolog of pho-1. Thus, pho-1 joins the list of all
other C. elegans gut-specific genes whose promoters have
been analyzed experimentally (Britton et al., 1997; Egan et
al., 1995; MacMorris et al., 1994; Moilanen et al., 1999) in
that gut-specific expression depends almost completely on a
singleWGATAR site in the promoter. The transcription factor
SKN-1 has also been implicated in the zygotic control of
certain gut genes (An and Blackwell, 2003) and it is
interesting that the two upstream WGATAR sites, GATA2
and GATA3, overlap with potential SKN-1 binding sites
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experiments indicate that these two SKN-1/WGATAR sites
do not have a major influence on pho-1 expression, at least
under normal growth conditions.
We thus propose that the gut-specific GATA factor ELT-2
activates pho-1 directly in the developing gut. Indeed, when
elt-2 function is removed by RNAi to produce the
distinctive elt-2 gut-obstructed (Gob) phenotype, expression
of the pho-1 transgenic reporter construct was abolished
essentially completely (~99%). The two other gut-specific
GATA factors expressed after gut-specification seem not to
be involved in pho-1 activation, at least in any necessary
way: RNAi to the elt-7 gene has no obvious effect on
expression of the pho-1 reporter (Fig. 8C above) and
endogenous PHO-1 activity can easily be detected (data not
shown) by isoelectric focusing gels run on extracts of the
elt-4 knockout (Fukushige et al., 2003).
Although ELT-2 appears necessary for pho-1 transcrip-
tional activation, it does not appear to be sufficient. That is,
we were unable to detect ectopic expression of pho-1, either
as assayed by histochemistry of the endogenous enzyme or
by the use of the transgenic reporter constructs, in response
to ectopic ELT-2 (induced by means of a heat-shock
promoter construct (Fukushige et al., 1998)). One possible
explanation is that pho-1 is expressed significantly later than
are the early markers (ges-1, ifb-2 and gut granules) that
respond to ELT-2 ectopic expression (Fukushige et al.,
1998) and, at this later stage, gene expression machinery in
other cell lineages may well be refractory to change. Indeed,
the efficiency of induction of non-gut lineages to express
gut markers is known to decline rapidly with embryo age
(Zhu et al., 1998).
Anterior–posterior patterning of intestinal gene expression
PHO-1 activity is not detected in the anterior six cells of
the gut, that is, cells belonging to the two rings int1 and int2
(Fig. 1). Because this patterned expression can be reason-
ably well recapitulated by transgenic reporters fused to short
fragments of the pho-1 promoter, we conclude that pho-1
patterning is regulated at the level of transcription. We have
previously investigated the expression of the transgenic
marker ges-1DB expressed only in anterior gut cells, that is,
in a pattern complementary to the pattern shown by pho-1.
We demonstrated that anterior–posterior patterning of ges-
1DB expression was regulated by the zygotic Wnt pathway,
operating in a lineage autonomous manner within the
developing gut (Schroeder and McGhee, 1998) and that
the ges-1DB reporter responds to the action of the Wnt
pathway as if it is activated by high levels of POP-1
(Schroeder and McGhee, 1998). By manipulating POP-1
levels within the early embryo, we were able to conclude
that pho-1 transcription also responds to the zygotic Wnt
pathway but that pho-1 behaves as if it is repressed by high
levels of POP-1. In order to repress pho-1 in the gut
anterior, POP-1 could bind directly to the pho-1 promoterand, for example, inhibit the action of the ELT-2 GATA
factor. However, there is no obvious POP-1 binding site in
the pho-1 promoter and we favour a second model in which
anterior pho-1 repression could be an indirect result of a
distinct int1/int2 fate specified by pop-1, perhaps as
proposed in the model of Lin et al. (1998).
Evolution of tissue-specific regulatory hierarchies
Are all gut genes or all digestive enzymes part of a
single regulatory hierarchy? In considering how metazoan
guts might have evolved and how gut pathways might have
become coordinated, Maduro and Rothman (2002) pro-
posed that genes encoding individual enzymes in particular
digestive pathways of the gut are controlled by (homologs
of) the transcription factors uniquely associated with the
same pathways in single cell eukaryotes. They also
proposed that, during evolution, these pathway-specific
transcription factors would eventually have come under the
control of transcription factors higher in the regulatory
hierarchy. According to this model, the pho-1 gene, because
it encodes an acid phosphatase and hence is likely to be in a
completely independent pathway of digestion than the ges-
1 carboxylesterase, would not be controlled by a GATA
factor. The results of the present paper argue against such a
multi-layered hierarchical model of gut development: pho-1
is indeed controlled by a cis-acting GATA site in its
promoter, just like ges-1, and is also controlled by the same
GATA factor, ELT-2. Thus, we favor a much simpler and
more monolithic view of the gut-specific regulatory
hierarchy: following the early steps of gut specification,
transcription of all gut-specific genes directly involves ELT-
2. A question for the future is whether the C. elegans
intestine does indeed express homologs of the numerous
metabolic-pathway-specific transcription factors that are
such a prominent feature of gene regulation in single-celled
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